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Matrix Metalloproteinase-21 Expression Is Associated
with Keratinocyte Differentiation and Upregulated by
Retinoic Acid in HaCaT Cells
Tiina Skoog1,2, Outi Elomaa3, Sanna M. Pasonen-Seppa¨nen4, Sofi Forsberg5, Katja Ahokas6, Leila Jeskanen7,
Jenita Pa¨rssinen6, Inkeri Tiala3, Ola Rollman5, Jouko Lohi7 and Ulpu Saarialho-Kere1,6,8
In the skin, expression of several matrix metalloproteinases (MMPs) occurs in response to tissue injury,
tumorigenesis, angiogenesis, apoptosis, and inflammation. The recently cloned MMP-21 has been implicated in
skin development and various epithelial cancers. In this study, we found that it is also expressed by
differentiated keratinocytes (KCs) in various benign skin disorders, in which it was not associated with KC
apoptosis or proliferation, and in organotypic cultures. Furthermore, MMP-21 was induced in keratinocytes in
association with increased calcium and presence of the differentiation marker filaggrin. In stably transfected
A431 and HEK293 cell lines, MMP-21 increased invasion of cells but did not associate with increased apoptosis,
proliferation, or epithelial-to-mesenchymal transition. Of various agents tested in HaCaT cell cultures, only
retinoic acid (106 M) and staurosporine (2.5 108 M) upregulated MMP-21 mRNA and protein expression,
whereas tumor promoters, hormones, or dexamethasone were without effect. Our results suggest that MMP-21
may be an important protease in the terminal differentiation of keratinocytes.
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INTRODUCTION
MMP-21 is a recently cloned member of the matrix
metalloproteinase (MMP) gene family (Ahokas et al., 2002).
It is a secreted 57-kDa pro-protein convertase-activated MMP
(Overall and Lopez-Otin, 2002) that has been implicated in
fetal development, stromal remodeling, inflammation, and
cancer biology (Ahokas et al., 2003, 2006; Marchenko et al.,
2003). Putative Sp-1, Tcf-4, Pax, Notch and retinoid receptor-
binding sites, Smad3, and AP-1 recognition motifs have been
detected in its promoter (Ahokas et al., 2003; Marchenko
et al., 2003; Skoog et al., 2006).
The regulation and expression pattern of MMP-21 is very
different from classical MMPs. It is not upregulated in
keratinocytes (KCs) in response to tissue injury (Ahokas
et al., 2003). Among cytokines/growth factors only transform-
ing growth factor (TGF)-b1 induces MMP-21 mRNA in KCs
and human keratinocyte cell line (HaCaT) cells (Ahokas et al.,
2003). Moreover, retinoic acid (RA) upregulates MMP-21
mRNA in monocytic U937 cells (Skoog et al., 2006). The
enzyme is present in cancer cells, but not dysplastic cells, at
the invasive front of cutaneous and esophageal squamous-cell
carcinomas (Ahokas et al., 2003, 2006). It is also expressed by
macrophages and fibroblasts both in vivo and in vitro (Skoog
et al., 2006), and by neutrophils in vivo (Ahokas et al., 2002,
2006). Physiological substrates of MMP-21 have not yet been
identified; furin is its putative activator (Ahokas et al., 2002).
In this work, we have extended our previous characteriza-
tion of the function and regulation of MMP-21 in cutaneous
biology using skin biopsies, HaCaT cells, stably transfected
epithelial cell lines, and skin equivalents in culture. We show
here that MMP-21 is expressed by suprabasal KCs in certain
benign skin disorders and is induced in differentiating KCs.
However, it does not associate with KC proliferation,
apoptosis, or epithelial–mesenchymal transition (EMT). Our
results suggest that MMP-21 might function in the differentia-
tion process of KCs.
RESULTS
Retinoic acid and staurosporine upregulate MMP-21 expression
in HaCaT cells
MMP-21 mRNA levels were determined in HaCaT cultures
incubated with a broad range of bioactive agents with
importance in the biology of the epithelium. RA (106 and
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107 M) induced its expression 2.2-fold, a phenomenon
previously also detected in U937 monocytic cells (Skoog
et al., 2006), and the nonspecific protein kinase inhibitor
staurosporine (2.5 108 M) 2.5-fold (Table 1). This was also
observed on the protein level (Figure 1a). In HEK293, but not
A431 cells, staurosporine induced MMP-21 mRNA expres-
sion fivefold whereas RA did not influence MMP-21 mRNA
levels in either cell line. Various inflammation-associated
cytokines, vitamins, hormones, and tumor promoters did
not consistently influence the transcription of MMP-21 gene
(Table 1).
MMP-21 is not associated with cell proliferation in HaCaT cells
or stably transfected cell lines
Immunohistochemistry in tissue samples has shown that
MMP-21 expression is not associated with mere KC
proliferation in vivo (Ahokas et al., 2003). Accordingly, the
growth-promoting molecules EGF and IL-1b did not upregu-
late the expression of MMP-21 in this study (Table 1). HaCaT
cells stimulated to proliferate by addition of serum after a
5-day starvation period (Pivarcsi et al., 2001) did not upregu-
late MMP-21 expression. On the contrary, expression was
markedly higher in confluent, starved HaCaT cells (controls)
than during their proliferative phase (24–96 hours; Figure 1b).
As proliferative cells reattained confluency (7–11 days), the
expression of MMP-21 returned to a higher expression level
(Figure 1b).
We also studied cell proliferation in stable cell lines
expressing MMP-21. HEK293 and A431 cells were trans-
fected with pEFIRES-P expression vector containing the
full-length cDNA for MMP-21 to overexpress the protein
stably (HEK293-MMP21 and A431-MMP21 lines, respec-
tively; Ahokas et al., 2003). As a negative control, the same
cells were transfected with an empty vector (HEK293-vector
and A431-vector, respectively). After selection with puro-
mycin, overexpression of MMP-21 mRNA was confirmed by
TaqMan RT-PCR (Figure 1c). The expression level of MMP-21
protein in cells is generally low (Marchenko et al., 2003) and
we were the first to demonstrate the protein in cultured
cells, namely THP-1 monocytes (Skoog et al., 2006). Now we
could detect overexpression of MMP-21 in both stably
transfected cell lines by western blotting (Figure 1d); the size
of MMP-21 from cell lysates is less than 64 kDa which
suggests that MMP-21 still is in its proenzyme form. BrdU
labeling of the cells showed no differences between over-
expressing cells as compared with nontransfected or control
cells (Figure 1e).
Transiently transfected HaCaT cells were shown to express
MMP-21 abundantly as compared to control cells in Taqman
assays and by immunofluorescence staining of cultured
Table 1. Expression of MMP-21 mRNA in HaCaT cells as detected by real-time PCR
Treatment Concentration Time Fold change P-value
Activin A 18ngml1 24 and 48 h NA NS
All trans-retinoic acid 106 M 24 and 48 h 2.2 (48 h) 0.019 (48 h)
All trans-retinoic acid 105 M 24 and 48 h NA NS
Anisomycin 25 ngml1 24 and 48 h NA NS
Dexamethasone 105 M 24 and 48 h NA NS
5a-dihydrotestosterone 108–106 M 24 and 48 h NA NS
1a,25-dihydroxyvitamin D3 10
7, 105 M 24 and 48 h NA NS
EGF 10ngml1 24 and 48 h NA NS
Estradiol 109–106 M 24 and 48 h NA NS
Insulin 107–105 M 24 and 48 h NA NS
IFN-g 1, 10 ngml1 24 and 48 h NA NS
IL-1b 0.5, 5Uml1 24 and 48 h NA NS
L-ascorbic acid 104, 103 M 24 and 48 h NA NS
Lipopolysaccharide 1 mgml1 24 and 48 h NA NS
Menadione 105, 104 M 24 and 48 h NA NS
Okadaic acid 30 ngml1 24 and 48 h NA NS
12-phorbol-13-myristate-acetate 10, 25, 50 ngml1 24 and 48 h NA NS
Progesterone 109–105 M 24 and 48 h NA NS
Staurosporine 2.5 108 M 24h 2.5 0.009
Staurosporine 2.5 106 M 5 h NA NS
3,30,5-triiodo-L-thyronine sodium salt 109–106 M 24 and 48 h NA NS
Abbreviations: NA, not affected by treatment; NS, not significant.
120 Journal of Investigative Dermatology (2009), Volume 129
T Skoog et al.
MMP-21 in Keratinocytes
transiently transfected cells (data not shown). They were used
along with stably transfected cell lines in apoptosis, adhesion,
and invasion assays.
MMP-21 is not associated with apoptosis
MMP-21 has previously been implicated in apoptosis
(Marchenko et al., 2003). In HaCaT cells, apoptosis-inducing
concentrations of RA (105 M for 24 or 48 hours; Louafi et al.,
2003) or staurosporine (1 106 M for 5 hours; Bowen et al.,
2003) did not induce the expression of MMP-21 mRNA
(Table 1). Stable cell lines, overexpressing MMP-21 did not
demonstrate increased number of apoptotic cells either on
type I collagen (Figure 2a) or fibronectin (data not shown)
when compared with maternal cells or negative control cells
as judged by DeadEnd Colorimetric TUNEL System (Prome-
ga, Madison, WI; Figure 2a) and the ApopTag Peroxidase
In Situ Apoptosis Detection Kit (Chemicon International,
Temecula, CA; data not shown). Transiently transfected
HaCaT cells did not show increased apoptosis on plastic or
fibronectin either (data not shown). In skin samples, MMP-21
was not immunohistochemically expressed by apoptotic cells
in graft-versus-host disease or lupus specimens (data not
shown). Furthermore, neoepidermis derived from normal
human skin explants treated with staurosporine (1 106 M)
showed no MMP-21 immunoreactivity (Figure 2b) in
apoptotic cells (Figure 2c).
MMP-21 is expressed by HaCaT cells stimulated to differentiate
and in diseased human epidermis
As staurosporine and RA were shown to induce MMP-21
expression in HaCaT cells, we studied their effects in cell
differentiation. HaCaT cells treated with RA or staurosporine
displayed increased immunoreactivity of K10 (data not
shown), a marker of KC differentiation (see Eckert et al.,
1997). Moreover, the response to RA was linked to an
increase in involucrin mRNA, another marker of terminal
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Figure 1. MMP-21 gene expression after staurosporine and RA and in proliferating and confluent HaCaT cell cultures. MMP-21 protein production in human
keratinocyte cell line (HaCaT) cells incubated with retinoic acid (RA) and staurosporine by western blotting (a). MMP-21 protein was induced by both
concentrations of RA at 24 and 48 hours (data not shown). Samples on lanes 1–4 were from cells which were incubated for 24 hours. (1) Control cells, (2)
staurosporine 2.5 108 M, (3) RA 106 M, (4) RA 107 M. MMP-21 gene expression in proliferating and confluent HaCaT cell cultures as measured by TaqMan
(b). MMP-21 expression in proliferating (24–96 hours) HaCaTs was lower than in nonproliferating control (Ctrl) cells. During days 7–11 cells re-attained
confluency and MMP-21 expression increased. Control cells were grown for 5 days after confluence and then starved for a week before subculture in
serum-supplemented culture medium. One representative experiment is shown. (c)MMP-21 expression in the stably transfected cell lines HEK293-MMP21 and
A431-MMP21 by TaqMan. (d) Western blotting of cell lysates from overexpressing cells as compared to the vector-transfected controls HEK293-vector and
A431-vector. (1) HEK293-MMP21, (2) HEK293-vector, (3) A431-MMP21, (4) A431-vector. b-Actin served as a loading control (a and d). (e) BrdU labeling did
not reveal any significant differences in the proliferation of maternal and transfected cell lines. The results are shown as mean ±s.e.m. (n¼ 3).
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differentiation (data not shown). Due to the low level of
endogenous MMP-21 protein in HaCaT cells, we used
transiently transfected HaCaT cells for double immunofluor-
escence experiments: MMP-21 positive cells did not gen-
erally express keratin 10 (Figures 3c and d), but were positive
for filaggrin (Figures 3a and b). In agreement with this,
overexpression of MMP-21 in A431 cells resulted in
increased filaggrin expression at the protein level (Figure
3e). By forcing HaCaT cells to differentiate with high-calcium
medium, the expression of involucrin (data not shown)
and MMP-21 mRNA (Figure 3f) was strongly induced after
24 hours incubation. Subsequently, the expression level
of MMP-21 decreased until cells approached confluency
when the MMP-21 gene expression was reinduced (day 11).
Overall, the expression level of MMP-21 mRNA was enhan-
ced in high-calcium cultures as compared with low-calcium
cultures (Figure 3f).
In organotypic rat epidermal keratinocyte (REK) cultures,
the model utilizing rat KCs, MMP-21, was detected in most
differentiated KCs (Figure 4a). It partially colocalized with the
differentiation marker filaggrin in adjacent sections (Figures
4a and b). Cultures treated with vitamin C that promotes
differentiation (Pasonen-Seppanen et al., 2001) showed
increased immunostaining for MMP-21 (data not shown).
Organotypic REK cultures treated with RA, EGF, or keratino-
cyte growth factor did not differ from vehicle-exposed (Figure
4c) cultures. In the human skin explant model (Lu and
Rollman, 2004), adjacent sections of neoepidermis were
stained for MMP-21, filaggrin, loricrin, and involucrin. Also
in this model MMP-21 protein (Figure 4d) partly colocalized
with filaggrin (data not shown) and involucrin (Figure 4e),
however, not with loricrin (data not shown).
To correlate these results with in vivo conditions, MMP-21
expression was studied in skin biopsies by immunohisto-
chemistry. In 3/6 actinic keratosis, 2/5 Bowen’s disease, 3/4
pyoderma gangrenosum, 2/5 lichen planus, and all keratoa-
canthomas, MMP-21 was expressed by differentiated KCs of
the upper spinous layers (Figures 5a–d). MMP-21 positive
epidermal cells were often detached from each other
(spongiotic; Figures 5a and b) and lacked normal E-cadherin
staining (Figures 5e and f). In the edges of acute wounds and
pyoderma gangrenosum, MMP-21 was expressed by KCs in
the upper layers of the stratum spinosum and also by
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Figure 2. MMP-21 protein does not colocalize with apoptotic cells in skin
explant cultures. (a) There was no difference in frequency of apoptotic cells
among negative controls and MMP-21-transfected cell lines cultured on type I
collagen. Results are given as mean±s.e.m (n¼2). MMP-21 protein (b) is not
expressed by TUNEL-positive cells (c) in a human skin explant treated with
staurosporine. Arrows indicate TUNEL-positive but MMP-21-negative cells.
Scale bar¼ 20 mm.
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Figure 3. Immunostaining of HaCat cells for MMP-21, filaggrin, and
cytokeratin 10. HaCaT keratinocytes were transiently transfected with the
pEFIRES-P-MMP21 construct after which MMP-21, filaggrin, and cytokeratin
10 proteins were detected with immunofluorescent staining. The level of
endogenous MMP-21 protein was too low to be detected but in transfected
cells cytoplasmic staining was observed with the antibody against MMP-21
(green; a and c). Cells expressing MMP-21 (green) were also positive for
filaggrin (red; b) whereas cytokeratin 10 expression (red; d) was not detected
in MMP-21 positive cells (c). Cell nuclei were visualized by 40,6-diamidino-2-
phenylindole dihydrochloride staining (blue; b and d). Scale bar¼ 10mm. (e)
By western blotting filaggrin expression is increased in stably transfected
A431 cells as compared to control. (1) A431, (2) A431-MMP21, and (3) A431-
vector cell lysates. b-Actin served as a loading control. (f) HaCaT
keratinocytes induced to differentiate by high concentration of calcium
show increased MMP-21 expression at 24 hours. After the initial induction,
MMP-21 gene expression decreases until cells become increasingly confluent
and gene expression increases again. One representative experiment of two
experiments in total is shown.
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neutrophils (Figures 5g and h). It was not present in apoptotic
cells in graft-versus-host or lupus erythematosus samples,
neither was it positive in acantholytic KCs of pemphigus or
Darier’s disease specimens or in diseases characterized by
altered barrier function, such as atopic dermatitis or
ichthyosis vulgaris (data not shown). MMP-21 expression
was not associated with KC atypia in actinic keratoses or
Bowen’s disease (data not shown).
MMP-21 overexpression does not influence epithelial
mesenchymal transition or migration
Overexpression of MMPs such as stromelysin-1 (MMP-3;
Lochter et al., 1997) or epilysin (MMP-28; Illman et al., 2006)
in epithelial cells causes EMT. Overexpression of MMP-21 in
A431 and HEK293 cells was not associated with morpholo-
gical changes typical of cells undergoing EMT (Figures 6a–f).
Western blotting revealed that E-cadherin was expressed at
equal levels in all A431 cells (overexpressing and negative
control cells; Figure 6g) but not at all in HEK293 cells (data
not shown). A431 cells had no basal production of vimentin
and stable transfection of these cells with MMP-21 did not
induce expression of vimentin either (Figure 6h). Similarly,
HEK293 cells overexpressing MMP-21 did not upregulate
vimentin suggesting that MMP-21 does not influence EMT
(Figure 6h). We also assessed the cell lines for their
production of MT1-MMP, which is induced during EMT
and malignant transformation in many cancers (Seiki and
Yana, 2003). No upregulation of MT1-MMP was detected
by western blotting when comparing the overexpressing
(HEK293-MMP21, A431-MMP21) and control cell lines
(HEK293-vector, A431-vector; Figure 6h).
MMP-21 overexpression influences adhesion to type IV collagen
No differences in cell adhesion to a collagen I- (Figure 7a) or
fibronectin-coated surfaces were detected when comparing
stably transfected cells with their vector controls (60 vs 58%
and 57 vs 53%, HEK293- and A431-lines, respectively)
However, although no differences in adhesion were detected
when comparing stably transfected A431 cells on collagen IV
with controls, increased adhesion was consistently detected
in stable HEK 293 cells (Figure 7b). Transiently transfected
HaCaT cells did not differ from vector controls in their
Figure 4. MMP-21 expression in organotypic REK cultures and human skin
explant model. (a) MMP-21 protein is expressed by differentiated
keratinocytes (KCs) in organotypic rat epidermal keratinocyte (REK) culture
and partially colocalizes with (b) filaggrin in this model. (c) Negative control
(preimmune serum) of an organotypic skin culture. (e) Involucrin colocalizes
partially with MMP-21 (d) in differentiated KCs of human skin explants.
Arrows depict corresponding spots. Scale bars¼40 mm (a–c) and 20mm
(d and e).
a b
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e f
g h
Figure 5. MMP-21 is expressed in diverse skin lesions. MMP-21 protein is
expressed by (a) suprabasal keratinocytes in areas of spongiosis (arrows) in
actinic keratosis, (b) pyoderma gangrenosum, (c) lupus erythematosus, and (d)
lichen planus. (e) MMP-21 positive cells in acanthotic tissue adjacent to a
keratoacanthomas lack (f) normal E-cadherin staining. Arrows depict areas of
interest. In (g) acute wounds, MMP-21 is expressed by suprabasal, but not
migrating, KCs (arrowhead), and by (h) neutrophils (arrows indicate the
neutrophilic infiltrate). Scale bars¼ 20mm (a and h) and 40 mm (b–g).
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Figure 6. MMP-21 is not associated with epithelial-to-mesenchymal transition (EMT). No morphological changes supporting EMT were observed in (a)
HEK293, (b) HEK293-MMP21, (c) HEK293-vector, (d) A431, (e) A431-MMP21, and (f) A431-vector. Scale bar¼20 mm. (g) E-cadherin is expressed at similar
protein levels in A431 (1), A431-MMP21 (2), and A431-vector (3) cells. (h) Western blot analysis indicates that MMP-21 overexpression does not lead to
upregulation of vimentin in HEK293 cells, and that A431-derived cells do not produce vimentin at all. No upregulation in MT1-MMP production was detected
by western blotting when comparing the overexpressing (HEK293-MMP21, A431-MMP21) and control cell lines (HEK293-vector, A431-vector).
(1) HEK293, (2) HEK293-MMP21, (3) HEK293-vector, (4) A431, (5) A431-MMP21, and (6) A431-vector. b-Actin served as a loading control.
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Figure 7. Overexpression of MMP-21 enhances invasion capacity of A431 cells. (a) Adhesion of MMP-21-overexpressing cells (HEK293-MMP21, A431-
MMP21) and transiently transfected HaCaT keratinocytes (HaCaT-MMP-21) to collagen I-coated culture plates did not differ from control cells. The results are
shown as means±SEM (HEK293-line: n¼ 3; A431-line: n¼ 2: HaCaT-line: n¼ 2). (b) Adhesion of HEK293-MMP-21 cells increased on type IV collagen unlike
that of A431-MMP-21 cells and transiently MMP-21 transfected HaCaTs. The results are shown as mean ±SEM (HEK293-line: n¼ 4; A431-line: n¼2; HaCaT
Line: n¼2) *¼Po0.05. (c) MMP-21 overexpressing A431-MMP21 cells are more invasive through Matrigel-coated membranes than the control cells A431 and
A431-vector, respectively. The results are shown as means ±SEM (n¼16). *¼ Po0.005, ** ¼Po0.01.
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adhesion to plastic (61 vs 61%), type I or IV collagens (Figures
7a and b), or fibronectin (67 vs 70%). The scratch assays
revealed no differences between migratory capacities of
overexpressing cells and their maternal cells or vector
controls (data not shown).
Overexpression of MMP-21 enhances invasion
The Matrigel invasion assay demonstrated a significant
difference in invasion capacity between stably transfected
A431 cells and their vector control (Figure 7c); invasion of
MMP-21 expressing cells was increased 5.2-fold. Maternal
and transfected HEK293 cell lines did not migrate through the
membrane (data not shown). No differences in invasion were
observed either when transiently transfected HaCaT cells
were compared with empty vector controls in the invasion
assay (data not shown).
DISCUSSION
HaCaT cell culture is a good model system for studying
external regulators and molecular mechanisms of KC
proliferation and differentiation (Pivarcsi et al., 2001). Our
results reveal that MMP-21 expression in KCs is related to
differentiation rather than influenced by proliferation, migra-
tion, or apoptosis, unlike those seen in conjunction with
many of the other MMPs (Saarialho-Kere et al., 2002;
Sadowski et al., 2003a; Langlois et al., 2005). In fact,
MMP-21 has been implicated as a marker for differentiating
tumor areas in esophageal cancer (Ahokas et al., 2006).
Interestingly, the putative activator of MMP-21, furin, is also
involved in KC differentiation (Pearton et al., 2001). MMP-21
is not detected in KCs of normal human skin or in migrating
KCs during wound repair (Ahokas et al., 2003). However,
based on our novel data with staurosporine induction,
differentiation experiments in HaCaTs using high calcium,
and location of the immunosignal in skin equivalents, it may
be associated with KC differentiation, like MMP-9 (Kobayashi
et al., 2001). The low dose (2.5108 M) of staurosporine
used here is known to lead to a marked inhibition of growth
potential and an increase in differentiation markers in HaCaT
cells (Paramio and Jorcano, 1997; Tamiji et al., 2005), but is
not sufficient to induce apoptosis. Furthermore, we have
previously shown that TGF-b1, that inhibits KC proliferation
beginning at 48 hours after stimulation (Benassi et al., 1997),
upregulates MMP-21 mRNA (Ahokas et al., 2003), whereas
EGF, basic fibroblast growth factor, vascular endothelial
growth factor, tumor necrosis factor-a, or IGF do not
influence MMP-21 mRNA levels (Ahokas et al., 2003).
Activin A (18ngml1), a member of the TGF-b superfamily,
important during development, and menadione, an oxidative
stress inducer, also turned out negative.
Organotypic and skin explant cultures are simple experi-
mental models for studying the effects of various cytokines and
drugs in KC biology. In both systems, MMP-21 was detected in
the superficial, differentiated epidermal layers colocalizing
with differentiation markers. In the organotypic REK model,
RA did not upregulate MMP-21 protein expression, which
may reflect the antidifferentiating effect of retinoids in that
particular model (Pasonen-Seppanen et al., 2008).
Our novel data further confirm that MMP-21 has unique
regulation and tissue localization. As MMP-21, like some
other MMPs, has been implicated in the regulation of
apoptosis (Marchenko et al., 2003), we studied the effect of
proapoptotic chemicals in HaCaT cells and organotypic skin
cultures, and looked at tissue samples known to contain
apoptotic KCs (graft-versus-host, lupus erythematosus). By
immunohistochemistry, however, no staining of MMP-21 was
observed in apoptotic KCs. Furthermore, MMP-21 like several
other MMPs was not upregulated in HaCaTs by the tumor
promoters, 12-phorbol-13-myristate-acetate and okadaic
acid (Sadowski et al., 2003b). Interestingly, MMP-21 also
behaves very differently from other MMPs in benign
tumorigenic and malignant HaCaT ras clones as no upregula-
tion has been detected in A5 and II-4RT cell lines (Ahokas
et al., 2003).
Excessive concentrations of RA induce apoptosis of KCs in
culture, but seem not to affect MMP-21 expression. By
contrast, at low retinoid levels (107–106 M of RA) MMP-21
mRNA is upregulated in HaCaT cells. This is different from
other MMPs (Sadowski et al., 2003b; Papakonstantinou et al.,
2005) and coincides with a reduction in cell growth,
differentiation, and desmosomal contacts (Wanner et al.,
1999; Jang et al., 2001). Furthermore, RA inhibits telomerase
activity, which is important for the induction of skin cancer.
RA normalizes KC differentiation, a feature used in the
therapy of psoriasis and that of premalignant skin lesions, and
may thus exert some of its beneficial effects via modulating
MMP-21 function that eventually promotes KC differentia-
tion.
HaCaTs represent suitable model cells for studying the
effects of hormones in KCs (Gingras et al., 2003). We found
that sex hormones that affect skin biology did not influence
MMP-21 expression. Even dexamethasone, known to inhibit
the expression and activity of various MMPs (see Sadowski
et al., 2003b), did not influence MMP-21 mRNA levels. Also
vitamin D3, used here at high (apoptosis-inducing; Benassi
et al., 1997) or at low (antiproliferative) concentrations (Lu
et al., 2005), did not affect MMP-21 expression. Although
low vitamin D3 concentrations promote the differentiated
phenotype of KCs, it fails to induce the expression of
involucrin and some other markers of KC differentiation
(Gibbs et al., 1996; Bikle et al., 2005), which might be a sign
for a malfunctioning differentiation process. The incomplete
differentiation of HaCaT cells could be the reason for the lack
of induction of MMP-21 expression by low vitamin D3
treatment in our experiments. MMP-21 is probably not
involved in inflammatory skin reactions, because neither
the inflammatory cytokines IL-1b and tumor necrosis factor-a
(Ahokas et al., 2003) nor the bacterial component lipopoly-
saccharide implicated in skin inflammation influenced
MMP-21 mRNA expression, and samples of acute and
chronic eczema did not demonstrate protein expression.
In this work, we found that MMP-21 is expressed by
differentiated KCs of the upper spinous layers in actinic
keratoses, Bowen’s disease, pyoderma gangrenosum, lichen
planus, and keratoacanthomas. As the putative promoter of
MMP-21 possesses a consensus binding site for Tst-1
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(MatInspector; www.genomatix.de), it will be interesting to
study whether this transcription factor plays a role in the
regulation of MMP-21 gene expression. Tst-1 has recently
been found to downregulate the MMP-19 promoter (Beck
et al., 2007). Other ubiquitous transcription factors that are
involved in gene regulation during differentiation of KCs are
AP-1 and AP-2 (Fuchs, 1995). We have earlier suggested a
role for AP-1 in the regulation of MMP-21 expression (Skoog
et al., 2006), but there is also a putative binding site for AP-2
transcription factor in the presumed promoter of MMP-21.
Our results on the invasion assay suggest that in particular
cancers and cancer cell lines MMP-21 may promote
invasion. This is supported by the in vivo findings of MMP-
21 expression at the invasive front of cutaneous squamous-
cell carcinoma (Ahokas et al., 2003) but not that of pancreatic
cancers (Bister et al., 2007). Furthermore, MMP-21 serves as
a marker of malignant transformation of melanocytes during
early stages of tumorigenesis but is not associated with
melanoma invasion (Kuivanen et al., 2005). Overexpression
of several epithelial cell MMPs, such as MMP-3, MMP-7, and
MMP-28, induces EMT (Lochter et al., 1997; McGuire et al.,
2003; Illman et al., 2006). In our study, however, over-
expression of MMP-21 did not change the morphology of the
transfected HEK293 or A431 cells, neither was E-cadherin
downregulated or MT1-MMP or vimentin upregulated. As
TGF-b1 is known to stimulateMMP-21 production in HaCaTs
(Ahokas et al., 2003), we studied these cells morphologically
and by western blotting for E-cadherin 48 hours after
stimulating with TGF-b1, but found no changes that would
support EMT (data not shown). These data indicate that
overexpression of the proteolytic activity is not sufficient to
elicit EMT, but either enzymatic properties or targeting of the
MMP are important. Our adhesion data on type I collagen
and fibronectin are in agreement with previous reports of
esophageal cancer cell cultures on different matrices (Ahokas
et al., 2003, 2005). Increased adhesion of stably transfected
HEK293 cells on type IV collagen was noted, suggesting that
in some cell types overexpression of MMP-21 may change
integrin expression on the cell surface and this is a subject of
further studies.
In conclusion, MMP-21 may be upregulated in vivo in
suprabasal KCs with altered cell–cell interactions in addition
to epithelial cancers. It is very tightly regulated in KCs being
responsive to retinoids. In vitro upregulation of MMP-21 is
associated with differentiation but does not seem to associate
with KC proliferation, apoptosis or EMT. Whether the
physiological substrate of MMP-21 is some desmosomal
protein remains to be determined in future studies.
MATERIALS AND METHODS
Chemicals and materials
Cell culture media and fetal calf serum were from Gibco Invitrogen
Life Technologies (Paisley, Scotland). Cytokines and chemicals were
from Calbiochem (La Jolla, CA), Gibco Invitrogen Life Technologies,
Merck (Darmstadt, Germany), R&D Systems (Abingdon, UK), Roche
Molecular Biochemicals (Indianapolis, IN), and Sigma (St Louis,
MO). Tissue culture dishes coated with collagens type I and IV and
fibronectin were from Becton-Dickinson Biosciences (Bedford, MA).
Reagents for real-time quantitative PCR were from Applied
Biosystems (Warrington, UK).
HaCaT cell cultures and transfection
The immortalized human KC cell line HaCaT (Boukamp et al., 1988)
was cultured as described earlier (Ahokas et al., 2003). HaCaT cells
were also cultured on LabTek Chamber slides (Nunc, Naperville, IL),
fixed with 4% formaldehyde in phosphate-buffered saline (PBS), pH
7.4, and immunostained (Ahokas et al., 2003). To study the
regulation of MMP-21 expression, HaCaT cells were plated on
tissue culture plates and allowed to reach 70–80% confluence. Then
the cells were depleted of serum overnight prior to stimulation with
all-trans-RA (105–107 M), anisomycin (25 ngml1), dexamethasone
(105 M), 1a,25-dihydroxyvitamin D3 (10
5 and 107 M), EGF
(10 ngml1), IFN-g (1 and 10ngml1), L-ascorbic acid (104 and
103 M), lipopolysaccharide (1mgml1), menadione (105 and
104 M), okadaic acid (30 ngml1), 12-phorbol-13-myristate-acetate
(10, 25, and 50 ngml1), staurosporine (2.5 108 M and 106 M),
and TGF-b1 (1, 10 and 100ngml1; all Sigma). Activin A
(18 ngml1) was from R&D Systems and IL-1b (0.5 and 5Uml1)
from Roche Molecular Biochemicals (Mannheim, Germany). HaCaT
cells were also stimulated by various hormones: 5a-dihydrotestos-
terone (108–106 M), estradiol (109–106 M), insulin (107–105 M),
progesterone (109–105 M), and 3,30,5-triiodo-L-thyronine sodium
salt (109–106 M; all Sigma) as described earlier (Tiala et al., 2007).
The cells were lysed and total RNA was extracted using RNeasy
Mini-kit (Qiagen, Chatsworth, CA) as instructed by the manufacturer.
Cells given fresh serum-free medium were used as controls.
All treatments were carried out in triplicate, and the results
were confirmed in at least three independent experiments. The
pEFIRES-P-MMP21 construct or the empty vector was transfected
into HaCaT cells using the FuGENE HD reagent (Roche Diagnostics,
Mannheim, Germany) according to manufacturer’s instructions.
Using this agent we reached 25% transfection efficiency in
HaCaT cells.
Quantitative real-time PCR (TaqMan RT-PCR)
cDNA synthesis and TaqMan RT-PCR for MMP-21 and GAPDH
were performed as described earlier (Ahokas et al., 2003; Zhao et al.,
2003; Skoog et al., 2006). Reactions were performed with the
Applied Biosystems’ 7500 Fast Real-Time PCR System with standard
protocol. Involucrin mRNA was quantitated with QuantiTect Primer
Assay Hs_IVL_1_SG (Qiagen) using Power SYBR Green PCR Master
Mix (Applied Biosystems).
Stable cell lines
We transfected human HEK293 kidney epithelial cells and
A431 epidermoid carcinoma cells with the full-length human
MMP-21 construct in a pEFIRES-P expression vector (Hobbs et al.,
1998) as described earlier (Ahokas et al., 2003). The overexpressing
cells were selected by gradual increase of the concentration
of puromycin, leaving only the fittest cell clones alive. As a
negative control, we used the same cells transfected with the
pEFIRES-P vector without any insert. The negative control was also
selected by puromycin. Both stably transfected cell lines and
negative controls were also cultured on Lab-Tek chamber slides
(Nunc), fixed with 4% formaldehyde in PBS, pH 7.4, and
immunostained.
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Western blot analysis
Western blots were run as described earlier (Skoog et al., 2006).
Antibodies against human MMP-21 (amino-terminal end, Abcam,
Cambridge, UK; hinge region, RP3-MMP21, Triple Point Biologics,
Forest Grove, OR), E-cadherin (Zymed Laboratories, South San
Francisco, CA), Keratin 10 (DE-K10; DakoCytomation, Glostrup,
Denmark), Involucrin (SY5; Abcam), MT1-MMP (Lab Vision Corp.,
Fremont, CA), Vimentin (DakoCytomation), and b-actin (Abcam)
were used as primary antibodies. Horseradish peroxidase-
conjugated anti-rabbit (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-mouse (GE Healthcare UK Limited, Little Chalfont, UK), or anti-
goat (Santa Cruz Biotechnology) IgG was used as the secondary
antibody.
Proliferation assays
Proliferation of HaCaT cells was assayed according to Pivarcsi
et al., (2001). Shortly: HaCaT cells were synchronized by culturing
in DMEM (Gibco Invitrogen Life Technologies) containing 5% fetal
bovine serum for 5 days after confluence was reached. The cells
were washed and medium replaced by serum-free DMEM. After
culturing for 1 week, cells were trypsinized, counted, and their
viability determined by trypan blue staining. They were seeded into
25-cm2 culture flasks at a density of 5 103 cells per cm2 in 5% fetal
bovine serum-DMEM to induce the proliferation. Samples for
TaqMan RT-PCR analysis were taken at different time points and
the experiment was repeated four times.
Proliferation of overexpressing cells, their negative controls and
maternal (nontransfected) cells was measured by BrdU labeling and
detection kit I (Roche Diagnostics, Penzberg, Germany). The cells
were trypsinized, counted, and seeded at a density of 8 104 cells
per ml (A431 cells) or 105 cells per ml (HEK293 cells) on collagen
I-coated (50 mgml1; from rat tail, BD Biosciences, Bedford, MA)
cover slips in 24-well plates. Following overnight incubation, the
culture medium was aspirated and BrdU labeling medium was
added for 45 minutes. The kit was then used according to the
manufacturer’s instructions. Before mounting cover slips, the cells
were stained for 1 minute with 40,6-diamidino-2-phenylindole
dihydrochloride (5 mgml1, Sigma) and washed three times for 5
minute with PBS. Positive and total cells were counted from four
separate fields on each cover slip and the experiment was repeated
three times.
Apoptosis assay
Apoptosis of overexpressing and transiently transfected HaCaT cells,
their negative controls, and maternal cells was measured with
DeadEnd Colorimetric TUNEL System (Promega). Overexpressing
cells and their controls were also studied with ApopTag Peroxidase
In Situ Apoptosis Detection Kit (Chemicon International). The cells
were trypsinized, counted, and seeded at a density of 105 cells per
ml on Biocoat collagen type I- or fibronectin-coated four-well
culture slides (BD Biosciences). After an overnight culture the growth
medium was aspirated, cells were fixed with 4% formaldehyde in
PBS, pH 7.4, for 25 minutes at room temperature, and washed twice
for 5 minutes in PBS. For DeadEnd Colorimetric TUNEL System, the
cells were permeabilized in 0.2% Triton X-100 solution in PBS for 5
minutes at room temperature, and washed twice for 5 minutes in
PBS. DeadEnd Colorimetric TUNEL System was used according to
the manufacturer’s instructions. After diaminobenzidine-incubation
and washes, the slides were dipped in diluted (1:8) Mayer’s
hemalum solution (Merck), rinsed in deionized water, and mounted.
ApopTag Peroxidase In situ Apoptosis Detection Kit was used as
described elsewhere (Airola et al., 1997). Positive and total cells
were counted from four separate fields on each field and the
experiment was repeated two times.
Skin explant model
Superficial 2-mm punch biopsies of normal human skin were fibrin
glued onto cell-free de-epidermized dermis (Lu and Rollman, 2004;
Forsberg et al., 2006). As a positive control for apoptosis,
neoepidermal cultures were exposed to 1 106 M staurosporine
(Sigma) during the final 24 hours of the culture period (9 days).
Cultures were fixed in 4% formaldehyde in PBS, pH 7.4, before
embedment in paraffin. Deparaffinized cross-sections (5 mm) were
immunostained for MMP-21 and different KC differentiation
markers.
Organotypic REK culture
The continuous REK cell line was derived from neonatal REKs
originally isolated by Baden and Kubilus (1983) and cultured as
described earlier (Pasonen-Seppanen et al., 2001). For organotypic
cultures, REKs were grown at the air–liquid interface on type I
collagen support (from rat tail; BD Biosciences) in DMEM (high
glucose 4,500mg l1, Gibco Invitrogen Life Technologies), 10% fetal
bovine serum (Hyclone, Logan, UT), 4 103 M L-glutamine,
50 mgml1 streptomycin sulfate, and 50Uml1 penicillin (all Sigma)
as described (Pasonen-Seppanen et al., 2001). The culture medium
was supplemented with test substances (all-trans-RA, L-ascorbic
acid) from the day after cultures were raised to the air–liquid
interface (day 4 post plating). The cultures were maintained for
2–3 weeks and medium changed daily during the first week and
then every second day. The medium was supplemented with either
all-trans-RA at 1 107 M, L-ascorbic acid at 40 mgml1, EGF at
20 ngml1, or keratinocyte growth factor at 20 ngml1 (all Sigma)
final concentration. The organotypic cultures were fixed in
Histochoice (Amresco, Solon, OH) overnight and embedded in
paraffin prior to immunohistochemistry. Filaggrin was visualized
as described previously (Pasonen-Seppanen et al., 2001) using
polyclonal anti-filaggrin antibodies (1:5,000 dilution; a generous
gift of Beverly Dale-Crunk, University of Washington, Seattle,
Washington, USA).
Differentiation assay
HaCaT KCs were cultured in defined K-SFM (Gibco Invitrogen Life
Technologies) medium of low calcium concentration (o1 104 M).
After 5 days, cells were trypsinized and seeded onto 25-cm2 culture
flasks at a density of 1 104 cells per cm2 using the same medium as
above, except for high calcium concentration (1.8 103 M), to
promote cell differentiation (Hennings et al., 1980). Samples for
TaqMan RT-PCR analysis were taken at different time points and the
experiment was repeated twice.
Tissue samples
Paraffin-embedded, formalin-fixed samples of human skin were
obtained from the Department of Dermatopathology, Skin and
Allergy Hospital, University of Helsinki, Finland. The following
specimens were selected in order to study MMP-21 expression in
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relation to KC atypia, apoptosis, proliferation, differentiation, or
acantholysis: actinic keratoses (n¼ 6), Bowen’s disease (n¼ 5),
seborroiec keratoses (n¼ 4), graft-versus-host disease (n¼ 4), lupus
erythematosus (n¼ 5), acute wounds (n¼ 5), pyoderma gangreno-
sum (n¼ 4), lichen planus (n¼ 5), keratoacanthomas (n¼ 3),
pemfigus (n¼ 2), Darier’s disease (n¼ 8), acute and chronic eczema
(n¼ 11), Hailey–Hailey pemphigus (n¼ 4), and ichthyosis vulgaris
(n¼ 3). The corresponding ethical review board at Helsinki
University Central Hospital, Helsinki, Finland approved the study
and it was conducted according to the Declaration of Helsinki
Principles.
Immunohistochemistry
Immunostaining was performed using the avidin-biotin-peroxidase
complex technique (Vectastain Elite Rabbit kit, Vector Laboratories,
Burlingame, CA). Diaminobenzidine or 3-amino-9-ethylcarbazole
(cell slides) were used as chromogenic substrates and Mayer’s
hematoxylin as counterstain. Samples were immunostained using
two different polyclonal antibodies against MMP-21: one raised by
our group (Ahokas et al., 2002) or RP3-MMP21 (Triple Point
Biologics), as previously described (Ahokas et al., 2003); and E-
cadherin (clone HECD-1; Zymed Laboratories), Ki-67 (DacoCyto-
mation; Ahokas et al., 2005), MMP-9 (Research Diagnostics, RDI,
Flanders, NJ) (Kuivanen et al., 2006), MMP-10 (5E4, Novocastra
Laboratories, Newcastle upon Tyne, UK) (Kuivanen et al., 2006),
Keratin 10 (Nordic BioSite, Ta¨by, Sweden), Filaggrin (15C10,
Novocastra Laboratories), Involucrin (Sy5, Nordic BioSite), and
Loricrin (Abcam). As negative controls, we used preimmune sera or
normal rabbit/mouse immunoglobulin.
Staining of transfected cells
Transiently transfected HaCaT cells were fixed with 4% paraformal-
dehyde-PBS solution 48 hours after transfection, washed with PBS
and permeabilized with 0.5% Triton-X100. Cells were immunos-
tained with rabbit polyclonal antibodies for MMP-21 (Ahokas et al.,
2003) and mouse monoclonal antibodies against filaggrin (Novocas-
tra Laboratories) and cytokeratin 10 (Lab Vision Corp.). Alexa Fluor
555 anti-mouse and Alexa Fluor 488 anti-rabbit IgGs (Gibco
Invitrogen Life Technologies) were used as secondary antibodies.
Cell nuclei were visualized with 40-6-diamidino-2-phenylindole
dihydrochloride staining.
Adhesion assay
Adhesion of overexpressing cells, their negative controls and
maternal cells was studied by seeding cells at a density of 105 cells
per well allowing cells to attach to collagen I- (from rat tail;
50 mgml1), collagen IV-, or fibronectin-coated plates (all from BD
Biosciences) for 2 or 4 hours (modified from Sadowski et al., 2003a).
The same procedure was also performed with transiently transfected
HaCaT cells allowing the cells to plate for 2 hours onto plastic,
fibronectin, and type I and IV collagens. Wells were then washed
gently with PBS and the cells were lysed by adding 200 ml of 0.1 M
NaOH per well. The protein concentration in each lysate was
measured by Bradford protein assay (Bio-Rad Laboratories, Hercules,
CA). To normalize the results, 105 cells of each cell type were lysed
at the time of seeding and their protein concentration determined.
Each cell type was seeded in quadruplicate and the experiment was
repeated three times.
Epithelial to mesenchymal transition
EMT of overexpressing cells and transiently transfected HaCaTs was
studied by microscopy and western blotting using antibodies against
E-cadherin and vimentin (Taki et al., 2003).
Scratch assay for cell migration
Migration assay of overexpressing cells, their negative controls and
maternal cells was performed by scraping away a part of
subconfluent cells grown on six-well plates (modified from
Cha et al., 1996). The distance that the cells had migrated was
measured at 6 and 28 hours of culture after scraping. The distance
was measured at three points in each well and the average distance
was used as a measure for cell migration. The assay was repeated
two times.
Invasion assay
Invasion assay of overexpressing cells and transiently transfected
HaCaTs, their negative controls, and maternal cells was performed
using BD Matrigel Invasion Chamber (8mm pore size) in 24-well cell
culture plates (BD Biosciences; Lehti et al., 2000). The Matrigel-
coated membrane inserts were plated with 2.5 104 or 5 104 cells
in starvation medium and 10% fetal bovine serum in medium was
used as chemoattractant in the lower chambers. After 24 hours
incubation, cells on the membrane were removed with a cotton
swab. The inserts were washed twice with PBS for 1–2 minutes and
fixed with glutaraldehyde fixative (0.1 M phosphate buffer, pH 7.4,
2% glutaraldehyde) overnight at 4 1C. The fixative was removed and
inserts washed twice with phosphate buffered sucrose (0.1 M
phosphate buffer, pH 7.4, 0.22M sucrose) for 5 minutes. The inserts
were stained in Mayer’s hemalum solution for 15 minutes and
washed with tap water 4–5 times. Membranes were then cut off,
placed on microscope slides and mounted for cell counting. All cell
types were tested twice, each assay was carried out in duplicate, and
four fields were counted for each sample.
Statistical analysis
Statistical significance of the differences of means in adhesion,
apoptosis, and proliferation assays was calculated using a two-
sample Student’s t-test.
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